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Receptor biologists have traditionally focused on receptors
that are physiologically coupled to inductive responses such as
gene expression, cytokinesis, secretion, or entry into the cell
cycle. It has generally been assumed that such inductive
responses were terminated by ligand decay or receptor desen-
sitization, which lead to cessation of signaling. While such
mechanisms are clearly operative, a number of recent exper-
iments have demonstrated that inhibitory receptors exist that
function to attenuate inductive signals and further indicate that
these receptors play a very important regulatory role in
biology. Relatively few inhibitory receptors have been defined
in part because the effects of these receptors can only be
detected against the backdrop of an inductive signal. However,
this situation is rapidly changing as recent pioneering studies
have provided new approaches to isolation of such receptors.
Three reports published in recent months (1-3), one by
Kubagawa et al. in the Proceedings (1), have identified two new
extended families of cell surface proteins that may function as
inhibitory receptors. These findings are discussed below in the
context of known inhibitory receptors and their mode of action
(Table 1).

One of the first important insights regarding mechanisms of
inhibitory signaling came from observations that signal trans-
duction by tyrosine kinase-coupled receptors can be termi-
nated by receptor association with phosphotyrosine phospha-
tases. A notable example is the termination of erythropoietin
receptor signaling as a consequence of receptor phosphoty-
rosine binding to the hematopoietic lineage restricted phos-
phatase SHP-1 (previously known as HCP, SHPTP1, PTPIC,
and SHP) (4). It was subsequently shown that FcyRIIB, a
receptor for immunoglobulin G constant (Fc) regions known
to mediate inhibition of antigen receptor activation of B cells,
could recruit SHP-1 as well as the closely related and ubiqu-
itiously expressed phosphotyrosine phosphatase SHP-2 (pre-
viously known as SHPTP2, PTP1D, and Syp) to the receptor
complex upon coligation with the antigen receptor (5, 6).
SHP-1 expression was found to be necessary for FcyRIIB
inhibition of antigen receptor activation of B cell proliferation.
Based in part on these findings, the role of these phosphatases
in inhibitory signaling by CD22 (7), the newly described killer
inhibitory receptors (KIRs) (8, 9), and CTLA4 (10) was
explored. Activated receptors and/or phosphopeptides con-
taining the cytoplasmic sequences of these molecules were
found to bind SHP-1, SHP-2 or both phosphatases. More
recently, Fujioka et al. (2) and subsequently Kharitonenkov et
al. (3) isolated and cloned potential new inhibitory receptors
based on their ability to coimmunoprecipitate with SHP-2.
Fujioka et al. (2) isolated a protein they named SHP substrate
1 (SHPS-1) from v-src-transformed rat fibroblasts and subse-
quently cloned human and mouse SHPS-1 homologues. Using
the same strategy Kharitonenkov et al. (3) isolated a family of
proteins they named SIRPs (signal-regulatory proteins) of
which SHPS-1 appears to be a member. SIRPs appear to be a
broadly expressed multigene family with more than 15 mem-
bers. SIRPal was shown to be tyrosine phosphorylated fol-
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lowing cell stimulation with epidermal growth factor, insulin,
or platelet-derived growth factor. Similarly, SHPS-1 was shown
to be phosphorylated upon stimulation with insulin, serum, or
lysophosphatidic acid. In their phosphorylated state, SIRPal
and SHPS-1 bind SHP-2 and SHP-1 and act as SHP substrates.
Overexpression of SIRPal led to decreased responsiveness to
epidermal growth factor, insulin, and platelet-derived growth
factor, suggesting that SIRPs have inhibitory function and
indicating that multiple receptor-tyrosine kinase coupled path-
ways are SIRP targets. In the most recent chapter of this quest
for novel inhibitory receptors, Kubagawa et al. (1) have cloned
genes encoding two novel surface molecules, PIR-A and
PIR-B, expressed on B lymphocytes and myeloid lineage cells,
based on homology to the mouse Fca receptor.

The supposition that PIR-B and SIRP are receptors is based
on their content of extracellular domains and the fact that
these extracellular domains exhibit sequence variability con-
sistent with their being determinants of ligand specificity.
Although the ligand specificity of SIRPs, PIR-A and PIR-B,
are unknown, activation of SIRP phosphorylation by growth
factors and lysophosphatidic acid (2, 3) is most consistent with
the possibility that the SIRP ligands are the respective recep-
tors themselves. In this regard the situation is similar to CD22,
a known inhibitory receptor that is rapidly phosphorylated
upon B cell antigen receptor aggregation and binds SHP-1 (7).
Thus a component of the B cell antigen receptor (BCR)
complex may be a CD22 ligand.

The inhibitory receptors defined thus far fall into two
structural families (Fig. 1). Most are monomeric proteins that
contain multiple immunoglobulin super-family (IgSF) do-
mains in their extracellular regions. Surprisingly, some of the
KIRs are homodimers containing c-type lectin domains in
their extracellular regions. Thus, KIR can recognize its ligand,
major histocompatiblity complex (MHC) class I molecules,
using very different structures (11). All of the inhibitory
receptors contain single transmembrane spanning regions and
cytoplasmic tails ranging from 35 to 178 amino acids in length.

The contextual sequence surrounding the sites of tyrosine
phosphorylation of the inhibitory receptors has proven to be
one of the best predictors of the ability of candidate receptors
to associate with SHP-1 and SHP-2 and to function in an
inhibitory capacity. SHP-1 binding activity has been localized
to specific tyrosines in FcyRIIB1, p58.183 (tyrosine 1 and 2),
p58.EB6, p70 (tyrosine 1 and 2), and CD22 (tyrosine 2, 5, and
6) shown in Fig. 2 (7-9). Analysis of these sequences suggests
a consensus for SHP-1 SH2 binding that is I/VxYxxL. This
motif has been referred to as the immunoreceptor tyrosine-
based inhibitory motif or ITIM (5, 12). This consensus is also
found in gp49B, SIRPs, Ly49, and NG2A. Importantly, Vely et
al. (13) have recently shown that mutation of the I/V position
in the motif disrupts its ability to bind SHP-1 and SHP-2. The
requirement for a hydrophobic residue in this position is
consistent with the occurrence of a hydrophobic cleft in the
c-SH2 domain of SHP-2 that may be properly positioned to
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Table 1. The growing inhibitory receptor family
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Receptor/structure Ligand Cellular expression Function Likely effectors
FcyRIIB 1gG B(T?)cells/mast cells, Inhibition of antigen/Fc receptor SHP-1, SHP-2, SHIP
etc. signaling
CD22 a2,6 sialogly- B cells Inhibition of antigen receptor SHP-1
coproteins signaling
Killer inhibitory receptors (KIRs) MHC class I T cells/NK cells Inhibition of antigen/Fc receptor SHP-1, SHP-2
(hp58/p70, mLy49, etc. >11 signaling
members)
CTLA4 CD80, CD86 T cells Inhibition of antigen receptor SHP-2
signaling
gp49B1 ? Mast cells/Nk cells Inhibition of antigen/Fc receptor ?
signaling
PIR-B ? B cells 27? ?
Signal-regulatory Proteins ? “Ubiquitous” Inhibition of PDGF, EGF and SHP-1, SHP-2
(SIRPs) (SHPS-1, etc., >15 insulin receptor signaling
members)

interact with Y-2 residue when the phosphotyrosine binding
site is occupied (14). This feature may be responsible for the
restricted SH2 domain binding activity of phosphorylated
ITIM peptides (5).

Among the inhibitory receptors, only CTLA4 does not
contain a canonical ITIM motif. Unlike other members of the
family, CTLA4 reportedly binds to SHP-2 but not SHP-1 (10).
Further, tyrosine phosphorylation of CTLA4 has not been
formally demonstrated. Thus, the mode of action of CTLA4
may be different from more conventional ITIM-containing
receptors.

Relatively little is known regarding the mechanisms by which
ITIM-containing inhibitory receptors mediate their inhibitory
effects. The best studied model is FcyRIIB. Co-crosslinking of
FcyRIIB with antigen receptors (BCR) on B cells or FceRI on
mast cells inhibits signaling by BCR and FceRI (5, 12, 15). The
FcyRIIB ITIM binds to SHP-1, SHP-2, and SHIP (5, 6, 16, 17).
SHIP is an SH2 containing phosphatidylinositol (3,4,5)P35’
inositol phosphatase (17). In coimmunoprecipitation experi-
ments, association of activated FcyRIIB with SHIP is more
easily demonstrated than association with SHP-1 or SHP-2
leading to the suggestion that SHIP may be the primary
mediator of inhibitory FcyRIIB function. Interestingly, B cells
from SHP-1 knockout mice exhibit defective FcyRIIB signal-
ing while mast cells from these mice do not. Further, other

Ig super-family domain
Phs L

ITIM-containing receptors such as, p58 and p70 KIRs, do not
bind to SHIP, and KIR signaling is blocked by dominant
negative mutants of SHP-1 (13). Minimally one must conclude
that multiple effectors—e.g., SHP-1, SHP-2, and perhaps
SHIP—must be capable of mediating the inhibitory signals
transduced via ITIMs. The pathway that is operative may
depend on relative cellular expression of effectors and other as
yet undefined parameters of cell phenotype.

The downstream targets of the effectors of this inhibitory
receptor family are similarly poorly defined. Involvement of
KIR in the context of natural killer cell activation leads to
reduced phosphorylation of multiple proximal signaling mol-
ecules including receptor ¢ chains, ZAP-70, and PLCy, and
inhibition of InsP3 production and calcium mobilization (18,
19). CTLA4 signaling reportedly leads to reduced T cell
antigen receptor mediated phosphorylation of multiple early
effectors but Shc is implicated as a specific SHP-2 substrate (9).
In B cells, FcyRIIB co-crosslinking with antigen receptors
leads to a selective reduction in phosphorylation of CD19, an
accessory molecule involved in PI3-kinase activation by the
antigen receptor (20). This failed phosphorylation or dephos-
phorylation of CD19 and resultant failed PI3-kinase activation
appears causally linked to attenuated inositol trisphosphate
generation and calcium mobilization responses (21). This is
suggested by findings that the antigen receptor mediated
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Fi1G. 1. Schematic diagram of inhibitory receptors.
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ITIM sequences of inhibitory receptors

IgSF members

mFcYRIIB dleeaakteaentIt¥slLkhpealdeete--
hFcYRIIB npdeadkvgaentIt¥slLmhpdaleepdd--
PIR-B annqgaaesgesqgdVtYagLesrtlrggaaasp
hCD22.2 hslgcynpmmedgIsYttLrfpemniprtgda
hCD22.5 venvipdfpedegIhYseLigfgvgerpgage
hCD22.6 gfevgerpgagenvdyviLkh

mCD22.2 gsqggcynpamddtVsYaiLrfpesdthnagda
mCD22.5 yenvnpscpedesIhYseLvgfgagkrgaked
mCD22.6 gfgagkrpgakedvdyvtLkh

hKIR p58.183.1 vnredsdeqgdpgeVtYaglnhcvitqgrkit--
hKIR p58.183.2 rpsqrpktpptdiIv¥telpnaep--------
hKIR p58.EB6.1 ansedsdeqdpgevVtYtgLnhevitgrkit--
hKIR p58.EB6.2 rpsqgrpktpptdiIv¥teLpnaesrskvvscp
hKIR p70.1 ansedsdegdpeeVtYagLdhcvitgrkit--
hKIR p70.2 rpsqgrpktpptdtIlYteLlpnakprskvvs--
gp49B1.1 InswnpgnedpggIvY¥agVkpsrlgkdtacke
gp49B1.2 rlgkdtacketgdvtYagLcirtgegnns
rSHPS-1 eitgigdtndindItYadLnlpkekkpaprvp
mSHPS-1 eitgigdtndindItYadLnlpkekkpaprap
hSHPS-1 eitg--dtn---dItYadLnlpkgkkpapgap
SIRPO1-3(13) knareitgdtnedItYadLnlpkgkkpapgaa
mCTLA-4  e—=e- kkrsplttGvY¥vkMpptepecekafap
hcTLa-4 000 == kkrsplttGvYvkMpptepecekgfap

Type-C lectins

MKIR Ly49A
mKIR Ly49C
MKIR Ly49G4

77777777 mseqgeVtYsmVrfnksaglgkg--
,,,,,,,, msegeVtYttLrfhkssglgnp--
77777777 mseqgeVtY¥stVrfhessrigkl--

NKG2A.N
NKG2A.C

———————— mdnqggVi¥sdLnlppnpkrqggr--
kgnkssilategeItYaelnlgkasgdfgg--

Fic. 2. ITIM sequences in inhibitory receptors.

response of B cells from CD19 knockout mice and normal B
cells are pretreated with the PI3-kinase inhibitors wortmannin
or Ly 294002 is inhibited equivalently to that seen in normal
B cells following FcyRIIB co-crosslinking with BCR. Inter-
estingly, FcyRIIB coligation with antigen receptors also leads
to reduced p21™* activation and a modest reduction in PLCy
phosphorylation (22, 23). The relationship of these effects and
their causality in FcyRIIB-mediated reduction of proliferation
is unknown. Finally, it is unclear whether these FcR effects are
mediated by SHP-1, SHP-2, or SHIP or some as yet undefined
effector. Interesting in this regard is a recent report by Musci
et al. (24) in which membrane localization of SHP-1 is shown
to inhibit T cell antigen receptor-mediated inositol trisphos-
phate production and Ca?" mobilization without affecting
PLCy phosphorylation. Thus, most evidence supports a role
for SHP-1 in mediating inhibitory signals in cells of the
hematopoietic lineage. Although SHP-2 has been implicated
as an important positive player inductive signaling by some
growth factor receptors, it may be an inhibitory effector of
SIRPs in nonhematopoietic lineage cells that express little or
no SHP-1.

Recent reports by Kubagawa et al. (1), Fujioka et al. (2), and
Kharitonenkov et al. (3) suggest that this family of inhibitory
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receptors is extensive, coupling a large number of ligands to
cytoplasmic phosphatases—e.g., SHP-1 and SHP-2 that me-
diate inhibitory signaling. Elucidation of this receptor family,
their ligands and their mode of signal transduction promises to
be an interesting and challenging endeavor. Clearly, these
receptors and coupled pathways may contain excellent targets
for therapeutic intervention in a variety of pathologies.
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